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Resting state functional connectivity is defined in terms of temporal
correlations between physiologic signals, most commonly studied
using functional magnetic resonance imaging. Major features of
functional connectivity correspond to structural (axonal) connectivity. However, this relation is not one-to-one. Interhemispheric
functional connectivity in relation to the corpus callosum presents
a case in point. Specifically, several reports have documented nearly
intact interhemispheric functional connectivity in individuals in
whom the corpus callosum (the major commissure between the
hemispheres) never develops. To investigate this question, we
assessed functional connectivity before and after surgical section
of the corpus callosum in 22 patients with medically refractory
epilepsy. Section of the corpus callosum markedly reduced interhemispheric functional connectivity. This effect was more profound in multimodal associative areas in the frontal and parietal
lobe than primary regions of sensorimotor and visual function.
Moreover, no evidence of recovery was observed in a limited sample
in which multiyear, longitudinal follow-up was obtained. Comparison of partial vs. complete callosotomy revealed several effects
implying the existence of polysynaptic functional connectivity
between remote brain regions. Thus, our results demonstrate that
callosal as well as extracallosal anatomical connections play a role in
the maintenance of interhemispheric functional connectivity.
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the prominent symmetry of FC. However, data pertaining to this
question are mixed and partially contradictory. One set of pertinent observations derives from human studies of callosal
agenesis, a condition in which the CC never develops. An early
study reported that homotopic FC is decreased but not absent
(13). More recent papers emphasize that homotopic FC in callosal agenesis may be nearly normal (14–17). Conflicting inferences might be drawn from observations made in patients with
intractable epilepsy who have undergone therapeutic section of
the CC (18–20). Specifically, Johnston et al. studied a 6-y-old boy
before and after a complete callosotomy and reported that FC
was normal before surgery but largely lost afterward (18).
However, Uddin et al. found partially intact interhemispheric FC
four decades after total callosotomy (20). A recent study in
monkeys observed marked loss of homotopic FC following
complete section of the CC, but only in cases in which the anterior commissure also was sectioned (21). Division of the anterior commissure along with corpus callosotomy varied among
the three reports mentioned above. Specifically, the anterior
commissure was spared in the case reported by Johnston et al.,
sectioned in the case reported by Uddin et al., and sectioned in
Significance

|

The relation between structural and functional connectivity has
profound implications for our understanding of cerebral physiology and cognitive neuroscience. Yet, this relation remains incompletely understood. Cases in which the corpus callosum is
sectioned for medical reasons provide a unique opportunity to
study this question. We report functional connectivity assessed
before and after surgical section of the corpus callosum, including multiyear follow-up in a limited subsample. Our results
demonstrate a causal role for the corpus callosum in maintaining
functional connectivity between the hemispheres. Additionally,
comparison of results obtained in complete vs. partial callosotomy demonstrate that polysynaptic connections also play a
role in maintaining interhemispheric functional connectivity.

I

nfra-slow (<0.1 Hz) intrinsic brain activity is temporally correlated within functionally related systems currently known as
resting state networks (RSNs) (1, 2). This phenomenon is widely
known as functional connectivity (FC). RSNs are conveniently
studied in humans using resting state functional magnetic resonance imaging (rs-fMRI). Although rs-fMRI is increasingly being
used to map the representation of function in health and disease
(3–6), the physiological principles underlying RSNs remain incompletely understood (7). In particular, the extent to which anatomical connectivity accounts for FC is unclear. On the one hand,
the broad topographic features of RSNs correspond to major white
matter tracts. For example, the cingulum bundle connects the anterior and posterior midline components (nodes) of the default
mode network (DMN) (8). However, FC generally is more extensive than anatomical connectivity. For example, interhemispheric
anatomical connections between the primary visual cortices (V1)
in each hemisphere are sparse; yet, V1 homotopic FC is strong (9).
Thus, the relation between anatomical and FC remains a topic of
active investigation (for a recent review, see ref. 10).
One of the most striking features of resting state FC is symmetry about the midline. Thus, resting state correlations tend to
be particularly strong between corresponding loci in each
hemisphere (homotopic FC) (11, 12). The corpus callosum (CC)
is the major commissure connecting the two hemispheres. Accordingly, it would be logical to suppose that the CC accounts for
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individual is shown in Fig. 2A. Group-averaged results representing complete and partial callosotomy are shown in Fig. 2 B and C,
respectively. Precallosotomy FC maps identify the expected sensorimotor (SMN) and visual (VIS) networks. The SMN includes
primary motor cortex in the precentral gyrus, primary sensory
cortex in the postcentral gyrus, and the supplementary motor area
in the posterior aspect of the superior frontal gyrus. VIS areas
include primary visual cortex in the calcarine sulcus and secondary
visual areas in the lateral occipital lobe.
Complete callosotomy, on average (Fig. 2B), resulted in a
marked loss of interhemispheric FC and, possibly, modest enhancement of intrahemispheric FC, both for motor and visual
seeds. The effects of partial callosotomy were different in somatosensory vs. visual areas. Specifically, interhemispheric FC
was lost in SMN areas, much as in complete callosotomy. In
contrast, interhemispheric FC in VIS areas was largely unaffected by partial callosotomy (Fig. 2C). The contrast between
partial vs. complete callosotomy most likely reflects sparing
of occipital, but not more anterior, commissural fibers. Thus,

Fig. 1. Anatomic imaging precallosotomy and postcallosotomy. Mean T1weighted images before (precallosotomy) and after (postcallosotomy)
complete and partial callosotomy, represented in atlas space (right hemisphere on Left). MNI152 coordinates of axial, sagittal, and coronal planes are
listed. White arrows indicate intact CC, and black arrows indicate areas of
divided CC. Note residual splenium after partial callosotomy.

two of the three monkeys studied by O’Reilly (21). Thus, the
available data do not clearly define the role of the CC in the
maintenance of FC.
We acquired rs-fMRI before and after corpus callosotomy in
22 epilepsy patients. The study cohort included partial as well as
complete section of the CC, thereby enabling examination of
graded effects of callosotomy. Importantly, we also studied select
individuals 2–7 y following callosotomy. Our analysis reveals
differential contributions of the CC to FC evaluated in different
regions of the brain. Specifically, interhemispheric FC in primary
sensorimotor and primary visual cortex is less dependent on the
CC than multimodal cortex. Interhemispheric FC is decreased
immediately after callosotomy and does not show signs of recovery on multiyear longitudinal follow-up.
Results
Structural Imaging. Atlas transformed anatomic images, averaged
across subjects, precallosotomy and postcallosotomy, are shown
in Fig. 1. White arrows identify normal CC. Black arrows indicate areas where the CC has been sectioned. Spared fibers in
the splenium of the CC are evident in the postpartial callosotomy
group (white arrows). A voxel-based analysis of the CC area
spared by partial callosotomy is shown in Fig. S1.
FC Maps. FC maps obtained with seeds in primary motor and
visual areas, precallosotomy and postcallosotomy, are displayed in
Fig. 2. The seed coordinates in MNI152 space were (−40, −23, 53)
and (41, −22, 48) for left and right motor and (−8, −83, 0) and
(7, −83, 0) for left and right vision, respectively. An exemplar
Roland et al.

Fig. 2. FC maps corresponding to seeds in primary motor (first and second
columns) and primary visual (third and fourth columns) areas of the right (first
and third columns) and left (second and fourth columns) hemispheres.
(A) Results obtained in an exemplar individual. Note loss of interhemispheric
FC after complete callosotomy with preserved intrahemispheric FC in both
motor and visual networks. (B) Mean (n = 16) results before and after complete callosotomy. (C) Mean (n = 6) results before and after partial callosotomy. Note maintained visual but not motor interhemispheric FC after
partial, but not complete, callosotomy. The FC maps are thresholded at z(r) >
0.80 in the exemplar individual and z(r) > 0.35 in the group results.
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spared splenial connections between posterior occipital areas
continue to mediate interhemispheric FC.
FC Matrices. A previously defined seed set was used for further

analysis (3). Seeds in this set were defined by systematic evaluation of previously published literature to best represent seven
canonical networks commonly used in resting state fMRI studies.
These networks include the dorsal attention network (DAN),
ventral attention network (VAN), SMN, VIS, frontal-parietal
control network (FPC), language network (LAN), and DMN.
Seeds close to the midline (n = 29) were removed from the
original set (n = 169). In Fig. 3C, the remaining seeds (n = 140)
are color coded by RSN.
FC between all seed pairs, sorted by hemisphere and by RSN, is
shown in matrix form in Fig. 3A. This seed ordering arranges left
and right intrahemispheric FC in the top-left and bottom-right
quadrants, respectively. The top-right quadrant shows interhemispheric FC. Percent difference was calculated in each individual as
%Δz = 100 × (z(r)post − z(r)pre)/max(z(r)pre), where z(r) is the
Fisher z-transformed Pearson correlation coefficient. The %Δz
values shown in Fig. 3A are averaged over individuals. A striking
decrease in interhemispheric FC is evident after complete callosotomy. Partial callosotomy decreased interhemispheric correlations to a lesser degree. The greatest residual interhemispheric FC
was observed between seeds in the visual network. Of note, partial
and complete callosotomy similarly decreased FC in the sensorimotor network. We also observed an increase in intrahemispheric
FC after both complete and partial callosotomy, which is evident
in the difference matrices of Fig. 3A. This finding may be related
to similar functional imaging results in stroke studies where

intrahemispheric FC is found to increase within the hemisphere
contralateral to the lesion (22, 23).
To quantify the change in FC after callosotomy, we computed
the similarity (element-wise Pearson correlation) between preand post-FC matrices. This analysis was partitioned by interhemispheric and intrahemispheric FC. The precallosotomy FC
matrices were similar between complete and partial groups with a
correlation of r = 0.79. We expected intrahemispheric FC to be
affected less by callosotomy and, therefore, served as a control for
the changes in interhemispheric FC. Accordingly, the similarity of
intrahemispheric FC matrices was not significantly different between right and left hemispheres for either complete {t (30) =
0.505, confidence interval (CI) of difference = [−0.081, 0.134], P =
0.618} or partial {t (30) = 0.054, CI = [−0.158, 0.166], P = 0.958}
callosotomy (“Intra” bars in Fig. 3B). In contrast, interhemispheric
FC was markedly reduced following callosotomy after both complete {t (30) = −7.863, CI = [−0.418, −0.246], P < 0.001 for intervs. intraright; and t (30) = −6.797, CI = [−0.397, −0.214],
P = <0.001 for inter- vs. intraleft} and partial {t (10) = −2.427,
CI = [−0.420, −0.018], P = 0.036 for inter- vs. intraright; and
t (10) = −2.267, CI = [−0.426, −0.007], P = 0.047 for inter- vs.
intraleft} callosotomy (“Inter” bars in Fig. 3B).
Voxel Mirrored Homotopic FC. The present data inform the question of how much FC is or is not attributable to anatomic connectivity. Thus, if homotopic FC were entirely mediated by
the CC, then this measure should be eliminated by complete
callosotomy. Similarly, partial callosotomy should demonstrate
a topographic distinction between preserved vs. eliminated
homotopic FC in close relation to the extent of callosotomy. As
illustrated in Fig. 4, these predictions are only partially supported

Fig. 3. Contrast between interhemispheric vs. intrahemispheric FC. (A) FC matrices representing seven RSNs are organized according to hemisphere of seed.
Diagonal and off-diagonal blocks represent intrahemispheric and interhemispheric FC, respectively. RSN color codes are defined in C. (B) Bar graphs representing similarity between precallosotomy and postcallosotomy for intrahemispheric and interhemispheric FC. The error bars represent 95% confidence
intervals. **P < 0.001, *P < 0.05. (C) Seeds plotted on an inflated mean brain surface.
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by the data. Specifically, as predicted, homotopic FC is markedly
reduced in many parts of the brain following complete callosotomy. Similarly, homotopic FC is almost intact in visual areas
following partial callosotomy, which spares the splenium, that is,
the interhemispheric connection between the occipital lobes.
However, homotopic FC is partially preserved in primary sensorimotor and visual areas following complete callosotomy.
Similarly, following partial callosotomy, homotopic FC is reduced but not eliminated in many parts of the cerebral hemispheres that, theoretically, have been disconnected. Complete
maps for each group before and after are presented in Fig. S3.
To obtain a quantitative view of the contrasting effects of
complete vs. partial callosotomy, the distribution of voxel mirrored homotopic FC (VMHC) between all voxels was averaged
across individuals. These results are displayed in histogram format in Fig. 4B. At baseline (precallosotomy), the distribution of
VMHC is similar between complete and partial groups (Cohen’s
d = 0.23). The postcallosotomy distributions clearly are shifted
toward zero (i.e., no homotopic FC). However, this effect is
much more marked in the complete as opposed to partial callosotomy results (Cohen’s d between precallosotomy and postcallosotomy is 0.80 for partial and 1.80 for complete). Positive
skew, evident in the postcomplete callosotomy histogram, most
likely reflects focal areas of preserved homotopic FC.
To quantify the regional specificity in CC-mediated FC, we
evaluated the mean VMHC in primary and multimodal regions
before and after callosotomy (Fig. 4C). These regions were defined by Brodmann areas corresponding to primary sensorimotor
cortex, primary visual cortex, and multimodal areas of frontal,
parietal, occipital, and temporal lobes (Fig. S4). The results of this
anatomic region of interest analysis are consistent with a more
significant decrease in all regions after complete compared with
partial callosotomy (SI Results). More specifically, after complete
callosotomy, multimodal areas of the frontal and parietal lobes are
reduced to near zero VMHC, while primary sensorimotor and
vision areas are reduced but not lost. In contrast, after partial
callosotomy, the primary visual cortex remains near precallosotomy levels, likely owing to the spared splenium fibers.
Roland et al.

Follow-Up Imaging at Delayed Time Interval. The postcallosotomy
results shown so far demonstrate a marked loss of interhemispheric
FC following callosotomy. However, these data were obtained 1 d
after surgery, whereas previously reported, albeit limited, evidence
raises the possibility that interhemispheric FC may recover after a
prolonged interval following complete callosotomy (20). We were
able to examine this question in three individuals at intervals between 2 and 7 y after callosotomy (Fig. 5) (SI Results). All show no
evidence of recovered interhemispheric FC.

Discussion
The extent to which interhemispheric FC depends on the CC is
uncertain owing to conflicting evidence. To address this issue,
we report a series of human subjects studied before and after
surgical section of an intact CC. Our data reveal a causal role
of the CC in maintaining interhemispheric FC throughout the
brain. Complete section of the CC dramatically reduced interhemispheric FC assessed in the immediate postoperative period, as previously reported in one case study (18). The effects of
partial callosotomy were less dramatic and not entirely consistent
with a simple relation between structural and FC. We also
obtained longitudinal rs-fMRI in a restricted sample of individuals studied between 2 and 7 y following callosotomy. This data
speaks to the question of FC plasticity. In the following discussion, we address the relation between structural and FC. We also
touch on the question of interhemispheric FC recovery following
a prolonged postoperative interval.
Structural Versus FC. Previous studies report a correlation between
cortical areas with strong structural and FC, but this relationship
is incomplete in other areas with strong FC but weak structural
connectivity (8, 24, 25). These findings imply that the relation
between structural and FC is not one-to-one. Nevertheless, the
most salient characteristics of resting state is strong homotopic
FC (11), and the largest white matter structure in the brain is the
CC. It is therefore reasonable to assume that the CC plays a
major role in the maintenance of homotopic FC. Acknowledging expected differences at baseline from typically developing
PNAS | December 12, 2017 | vol. 114 | no. 50 | 13281
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Fig. 4. Topography of CC-mediated FC and distribution of VMHC. (A) VMHC computed as the Fisher
z-transformed Pearson correlation between voxels
mirrored about the midline. By definition, these
displays are bilaterally symmetric. Spatial blurring
during preprocessing generates artifactually high
homotopic FC along the midline. The underlay is the
T2-weighted atlas representative image. (B) Distributions of mean VMHC across all voxels after vs.
before callosotomy. Note larger shift toward zero
after complete relative to partial callosotomy.
(C) Bar graphs (mean ± 95% confidence interval)
representing homotopic FC organized according to
anatomical region. Note partial preservation of FC in
primary sensorimotor and visual cortices after complete callosotomy but nearly complete loss of VMHC
in multimodal associative areas. Note also more
retained VMHC after partial callosotomy.

disconnection syndrome after partial callosotomy where interhemispheric information transfer remains when the splenium is
spared (36).
Homotopic FC data has been reported in prior studies (11)
and summarized by metaanalysis (37). Homotopy is a consistent
characteristic of resting-state fMRI (12) with electrophysiological correlates (38). Notable exceptions are language and
attention functionality, which are asymmetrically represented
in the human brain (39, 40). Stark et al. (11) show greatest
homotopic FC in primary sensorimotor areas, followed by
unimodal and heteromodal association areas. We observe similar results of greatest residual interhemispheric FC after callosotomy in the sensorimotor and vision networks, as well as
near zero VMHC after complete callosotomy in frontal and
parietal regions.

Fig. 5. FC matrices obtained in three individuals including longitudinal
imaging at follow-up intervals of 2–7 y. (A) Partial callosotomy at age 2 y;
follow-up (sedated) at age 4 y. (B) Complete callosotomy at age 13 y; followup (nonsedated) at age 20 y. (C) Complete callosotomy at age 15 y; followup (sedated) at age 17 y. The precallosotomy study in this case was excluded
as this patient initially presented with epileptic encephalopathy. Follow-up
imaging 2 y after complete callosotomy was obtained under sedation for
clinical indications. Note no sign of recovery of interhemispheric FC at follow-up in any of these individuals.

individuals, we focus our study on precallosotomy vs. postcallosotomy FC differences within subject.
Our results show partially preserved homotopic FC following
complete callosotomy in primary sensorimotor and visual areas
(Fig. 4 A and C). Hence, structures other than the CC must be
contributory. Two observations inform this question. First, invasive tracer studies show relatively sparse axonal connectivity
via the CC in the hand area of primary motor cortex (“callosal
holes”) (26–28). Also, it is known that callosal connections between primary visual areas are very sparse (29–31). Thus, it may
be inferred that homotopic FC in primary cortical areas is less
dependent on the CC. Second, prior studies have established
that subcortical structures participate in resting-state cortical
RSNs (32, 33). Importantly, the most robust thalamocortical
structural connectivity, as assessed by DTI tractography, is found
in primary sensorimotor and visual cortices, whereas the weakest
connections are found in multimodal areas (34). This anatomy is
consistent with the residual FC evident in Fig. 4A.
Further evidence of polysynaptic FC is apparent after partial
callosotomy (Fig. 4A). Homotopic FC in multimodal areas
of the frontal lobes is reduced less after partial relative to
complete callosotomy, despite callosal fibers connecting these
areas sectioned in both procedures. This is in contrast to residual interhemispheric FC in posterior parietal and occipital
areas, which is expected from known structural connections in
the splenium (35). This finding suggests that posterior parietaloccipital areas, the callosal fibers of which are spared by partial callosotomy, are able to support frontal homotopic FC
via intrahemispheric anatomic connections, e.g., via the superior longitudinal fasciculus. Thus, the posterior areas with
maintained callosal structural connectivity act as hubs between widely separated regions in posterior and anterior parts
of the brain. These findings help to explain the absence of
13282 | www.pnas.org/cgi/doi/10.1073/pnas.1707050114

Longitudinal Follow-Up. Previously reported postcallosotomy imaging has been obtained at intervals ranging from 1 d (18) to
6 mo (21) to 4 decades (20). The strongest evidence of FC recovery following a prolonged interval was reported in ref. 20. In
our cohort, only one individual was able to tolerate nonsedated
follow-up imaging. In two other individuals, sedated imaging was
obtained for clinical indications. Our follow-up data reveal no
convincing evidence of recovery of interhemispheric FC several
years after callosotomy. These results tend to validate our
postcallosotomy data obtained at an interval of 1 d.
The observation of relatively intact interhemispheric FC in
callosal agenesis (e.g., ref. 16) raises the question whether
compensation for the absence of a CC is possible very early in
development within a critical period. Indeed, diffusion tensor
MRI results indicate that compensatory tracts in the anterior and
posterior commissures develop in these cases (16). The present
follow-up data suggest that such compensation does not occur
postnatally even in a case as young as 2 y. Thus, if a critical
period does exist, it would seem to be over by age 2 y. Accordingly, it is not surprising that we saw no evidence of recovery in
the other two longitudinally studied individuals. Our data, however, do not exclude the possibility of recovery decades following
callosotomy (20).

Conclusion
We expand the available data that heretofore has been derived
from a very limited number of case studies of corpus callosotomy. In particular, this is the only study to date reporting
longitudinal human FC data acquired at an interval of years. We
find no evidence of interhemispheric FC recovery. We provide
strong evidence supporting a causal role of the CC in maintaining interhemispheric FC. We also provide evidence that
extracallosal pathways are important, specifically in mediating
residual homotopic FC in primary sensorimotor and visual areas
following complete callosotomy. More generally, our results reinforce the principle that polysynaptic pathways account for a
substantial fraction of FC (41, 42).
Methods
Corpus Callosotomy Subjects. Twenty-two individuals with medically refractory epilepsy underwent complete (n = 16) or partial (n = 6) corpus
callosotomy according to standard practice (43). All aspects of the study
were approved by the Human Research and Protection Office Institutional
Review Board (IRB) at Washington University School of Medicine in St. Louis.
All subjects were pediatric patients with cognitive disabilities, therefore informed consent was initially obtained from the parent or legal guardian
with assent from the subject where appropriate. The IRB subsequently approved waiver of written consent for imaging sequences obtained alongside
clinical studies. The subjects who returned for delayed follow-up imaging
provided an additional informed consent from the parent or legal guardian
with assent when appropriate. Surgical candidacy was determined by clinical
criteria alone. See SI Methods for further details.

Roland et al.

FC. FC was computed using seed-based correlation analysis with a previously
defined seed set (3) (Fig. 3). Each 6-mm spherical seed was assigned to one of
seven canonical RSNs. Of the original 169 seeds, 29 near the midline were
excluded to reduce overlap from common source location and spatial blurring. FC, defined as the Pearson correlation coefficient (r), was computed
between the seed and every other voxel in the brain. Pearson r values were
Fisher z-transformed in all subsequent analysis.

Image Acquisition and Preprocessing. All imaging was performed with a 3T
Siemens Trio scanner. Structural imaging included one T1w MP-RAGE [repetition
time (TR) = 2,000 ms, echo time (TE) = 2.5 ms, flip angle = 12°, voxel size 1.0 ×
1.0 × 1.0 mm] and one T2-weighted (T2w) turbo-spin echo sequence [TR =
9,000 ms, TE = 115 ms, flip angle = 120°, voxel size 1.0 × 1.0 × 2.5 mm]. For
clinical reasons, the preoperative (but not postoperative) MP-RAGE was acquired
with i.v. gadolinium contrast (at the end of the session). The remaining sequences were identical across sessions. Resting-state fMRI was acquired using an
echo-planar imaging (EPI) sequence sensitive to blood oxygen level-dependent
(BOLD) contrast (TR = 2,070 ms, TE = 25 ms, flip angle = 90°, voxel size 4.0 × 4.0 ×
4.0 mm). Two runs of 200 frames each (∼14 min total) were acquired in each
subject. Preprocessing followed previously published methods (44) (SI Methods).
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Callosotomy Procedure. Corpus callosotomy was performed following a
standard clinical protocol via open craniotomy and microsurgical technique,
as previously described (43) (SI Methods). Complete callosotomy divides the
entire length of the CC including the splenium. In partial callosotomy, the
posterior third to fourth of the CC (always including the splenium) is spared.
Postoperative imaging is routinely obtained 1 d after surgery to confirm
planned extent of callosotomy and rule out any surgical complications.
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SI Results
VMHC. We quantified the changes in VMHC between precallosotomy and postcallosotomy states by anatomically defined
regions in the complete and partial groups. Primary sensorimotor:
complete – t(15) = −6.300, P < 0.001; partial − t(5) = −4.388,
P = 0.043. Primary vision: complete – t(15) = −4.747, P < 0.001;
partial – t(5) = −0.532, P = 0.618. Frontal: complete – t(15) =
−6.445, P < 0.001; partial – t(5) = −2.736, P = 0.041. Parietal:
complete – t(15) = −5.712, P < 0.001; partial – t(5) = −2.388, P =
0.063. Occipital: complete – t(15) = −5.627, P < 0.001; partial
– t(5) = −1.257, P = 0.264. Temporal: complete – t(15) = −3.365,
P = 0.004; partial – t(5) = −1.251, P = 0.266.
To further quantify the magnitude of changes by complete and
partial groups, we calculated the Cohen’s d between precallosotomy and postcallosotomy results for each anatomic region by group. Primary sensorimotor: complete 2.40, partial 2.49;
primary vision: complete 1.72, partial 0.30; frontal: complete
2.62, partial 1.48; parietal: complete 2.33, partial: 1.35; occipital:
complete 1.94, partial 0.57; temporal: complete 1.38, partial 1.88.
The difference in Cohen’s d between groups for each region
informs us on the magnitude of effect by respective callosotomy.
Sorting this difference from greatest to least confirms that the
primary vision area shows the greatest difference in FC changes
between complete and partial callosotomy (1.41), followed by
occipital (1.37), frontal (1.14), parietal (0.99), temporal (0.51),
and primary sensorimotor (0.08).
Similar analysis was performed by RSN regions of interest (Fig.
S5) as defined by an average RSN parcellation map (Fig. S6).
These results demonstrate the frontal and parietal regions observed the greatest reduction in VMHC after complete callosotomy, and the primary vision region was most preserved after
partial callosotomy. We measured VMHC in seeds placed in
select locations including brain regions not directly connected by
CC fibers (Fig. S7). Seeds in the frontal, temporal, and parietal
areas exemplify areas disconnected by complete callosotomy.
However, the sensorimotor and primary vision areas show VMHC
decreases similar to the cerebellum and putamen, areas not
expected to be disconnected by callosotomy. The thalamus
showed the least decrease in VMHC after complete callosotomy.
The seed coordinates in MNI-152 space are as follows: frontal
–75, 79, −63; temporal –85, 50, −66; parietal –76, 40, −45; sensorimotor –72, 49, −45; primary vision –69, 26, −64; cerebellum
–75, 39, −76; putamen –71, 63, −66; thalamus –69, 53, −61.
Follow-Up Imaging at Delayed Time Interval. The first individual
(Fig. 5A) underwent partial callosotomy at age 2 y (subject 1,
Table S1). Repeat imaging was performed 2 y later. The delayed
(2-y postcallosotomy) study showed FC largely similar to the
results obtained 1 d after the initial procedure.
The second individual (Fig. 5B) underwent complete callosotomy at age 13 y (subject 19, Table S1). Repeat imaging was
performed 7 y later. The delayed study showed an unusually
large shared variance, as observed in the greater magnitude
correlations widely seen in the delayed FC matrix. This feature
most likely reflects that this subject uniquely was able to tolerate
nonsedated MRI, hence, was studied while awake.
The third individual (Fig. 5C) had an acute worsening of
seizure frequency at age 15 y, leading to a state of epileptic
encephalopathy treated by complete callosotomy. The 1-d postoperative study revealed a markedly disorganized pattern similar
to that previously reported in another case of epileptic encephalopathy (19). Repeat imaging, performed 2 y later, showed
Roland et al. www.pnas.org/cgi/content/short/1707050114

improved intrahemispheric organization (in association with
dramatic improvement in seizure control) but very little interhemispheric FC. Due to acute presentation with epileptic
encephalopathy before intervention, preoperative data were not
reported and this subject was not included in any of the above
group analysis. Propofol was used for sedation at the 1-d and 2-y
postcallosotomy time points.
We computed the elementwise correlation coefficient between
the precallosotomy, postcallosotomy, and delayed follow-up FC
matrices to quantify the change between each time point. These
correlations demonstrate a greater similarly between intrahemispheric FC between each time point compared with a least
similarity for interhemispheric FC between precallosotomy and
immediate postcallosotomy for each subject (Fig. 5A – Pre vs.
Post: Right 0.40, Left 0.35, Inter 0.05; Post vs. Delay: Right 0.57,
Left 0.53, Inter 0.23; Fig. 5B – Pre vs. Post: Right 0.57, Left 0.43,
Inter 0.23; Post vs. Delay: Right 0.47, Left 0.54, Inter 0.35;
Fig. 5C – Post vs. Delayed: Right 0.23, Left 0.19, Inter 0.08).
SI Discussion
Patients undergoing corpus callosotomy all have severe, medically
refractory epilepsy with nonfocal onset, typically involving drop
attacks. These individuals often have significant cognitive deficits.
As the profile of pediatric epilepsy is very broad, there is significant variability in medication usage, seizure semiology, and
cognitive function. For this reason, we do not attempt to compare
the organization of FC to typically developing individuals. Instead, we compare postcallosotomy to precallosotomy FC within
individual. Hence, we caution that the results obtained any
particular individual in this cohort may be atypical.
Corpus callosotomy is better tolerated at a young age.
Therefore, we are unable to study human adults both before and
after callosotomy. The individuals in our study were 2–18 y old,
which age range spans a significant portion of the postnatal
developmental period. Therefore, we expect that our inferences
regarding structure-function relations apply generally.
All individuals contributing to the present results were free of
gross anatomic lesions on diagnostic imaging. However, the existence of a severe seizure disorder implies that some pathology
must be present, notwithstanding no imaging correlate. Emerging
evidence has identified various FC abnormalities in different
forms of epilepsy (45–47). However, these abnormalities are
subtle and, therefore, are unlikely to compromise the present
main inferences.
Individuals who are candidates for corpus callosotomy often
cannot hold still in a MRI scanner owing to cognitive disability,
either as a consequence of long-term epilepsy or comorbid pathology. These individuals cannot be scanned without sedation.
Sedation clearly reduces head motion artifact, which otherwise
would preclude useful rs-fMRI (48). Fortunately, RSNs are robust to propofol sedation, which is commonly used in ambulatory
studies (49). Our study used similar sedation before and after
callosotomy (Table S1). However, the requirement for sedation
presents an obstacle to clinically not indicated MRI, as sedation is
not entirely without risk. This circumstance at least partially
accounts for the sparse representation of delayed follow-up rsfMRI data (ultimately obtained in only 3 of 16 patients).
Apart from the challenges of acquiring rs-fMRI in the callosotomy population, the clinical imaging protocol under which
the data were acquired necessitated modifying our approach to
image registration. Specifically, precallosotomy T1w scanning
was performed with gadolinium contrast, which interferes with
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image registration to a conventional T1-weighted atlas template.
Hence, atlas registration of the functional data was computed
using a newly created T2-weighted template (Fig. S2). Despite
these technical difficulties, our methodology produced good
image alignment across subjects before and after callosotomy
(Fig. 1).
SI Methods
Corpus Callosotomy Subjects. Inclusion criteria included medically
refractory epilepsy and no identifiable lesion or structural abnormality (e.g., arachnoid cyst, cortical dysplasia). Patients presenting
with acute epileptic encephalopathy requiring urgent intervention
were not studied (see Table S1 for demographics). The decision to
perform complete or partial callosotomy was decided on the basis
of clinical criteria alone by an interdisciplinary epilepsy team
consisting of neurosurgeons, neurologists, neuroradiologists, and
clinical psychologists. Partial callosotomy is preferred in higher
functioning individuals in whom the risk of disconnection syndrome
is thought to be high. However, the decision generally is balanced
by the consideration that better seizure control is achieved with
complete callosotomy (43).
We attempted to contact all subjects for follow-up imaging
following the initial postoperative recovery period. This agenda is
complicated because many callosotomy patients cannot tolerate
nonsedated MRI, whereas the risk of sedation for nonclinically
indicated imaging is not easily justified. Therefore, the present
study includes only three individuals who returned for follow-up,
one of whom was scanned while awake (Fig. 5B). One follow-up
scan was aborted when the patient refused to enter the MRI.
Callosotomy Procedure. Corpus callosotomy was performed following a standard clinical protocol via open craniotomy and
microsurgical technique, as previously described (43). In brief, the
head is rigidly fixed in place and frameless stereotactic image
guidance is used for neuronavigation. Access is achieved with a
coronal or “trap-door” incision and a parasagittal craniotomy
eccentric to the right. The craniotomy flap extends ∼4 cm in
front of and 2 cm behind the coronal suture and is 4 cm wide. An
interhemispheric approach is taken in the plane between the falx
and right cerebral hemisphere. An operative microscope is used
to enter the avascular midline between the pericallosal arteries.
Section of the CC proceeds through a combination of aspiration
and bipolar electrocautery.
Image Before and After Processing. Resting-state preprocessing
followed standard methodology as has been previously published
(44). In brief, this included correction for asynchronous slice
acquisition, normalized slice intensity to mode 1,000, and cor-

rection of interframe head motion. BOLD data were resampled
to 3-mm cubic voxels before time-series correlation analysis. We
temporally low-pass filtered the BOLD time series at <0.1 Hz and
spatially smoothed it with a 6-mm full-width half-max Gaussian
kernel. Nuisance variables included parameters derived from
rigid body head motion correction, bilateral lateral ventricle, and
white-matter regions of noninterest. The global signal was not
included to eliminate any ambiguity in the interpretation of
observed findings (50). Following nuisance regression, frame
censoring was computed using the temporal derivative of rootmean-square frame-to-frame BOLD signal change across voxels
(DVARS). Frames exceeding DVARS = 0.5% were excluded
from the FC analyses (48). The DVARS values representing
artifact timeseries are plotted in Fig. S8 to demonstrate the very
little motion present in our sedated subjects.
The CC was manually traced in the midsagittal using the
precallosotomy and postcallosotomy T1w structural images for
individuals that underwent partial callosotomy. The ratio of CC
area remaining postcallosotomy to precallosotomy was calculated. The similarity of interhemispheric FC between precallosotomy and postcallosotomy was calculated as described in
FC Matrices. There was not a significant relationship between
callosotomy ratio and prepost interhemispheric FC (Pearson
correlation r = 0.52, P = 0.29). This suggests the little variance
observed in structural disconnection among patients undergoing
partial callosotomy did not correlate with the difference in FC.
In fMRI generally, atlas registration of the functional data are
achieved by composition of transforms connecting the EPI, T2w,
and T1w images. Conventionally, the T1w structural image is
registered to a T1w atlas-representative template. We did not use
the preoperative T1w image for atlas registration because it included gadolinium contrast. The postoperative T1w images were
also not used for atlas registration because the introduced anatomical deformations, albeit minor, theoretically could have
compromised the results. To overcome these barriers, atlas registration was computed via T2w atlas-representative template generated using a previously published strategy (51). Thus, the
preoperative T2w (12-parameter affine) was registered to this
template. The remaining images then were registered to the preoperative T2w, both within and across sessions (Fig. S2).
We used Matlab 2015b for further data analysis. For statistical
tests of precallosotomy and postcallosotomy measures within
subject we used paired t tests, and for comparison between
complete and partial or intrahemispheric and interhemispheric
measures, we used the two-sample t test. All tests were two-tailed
and used a predefined significance threshold of α = 0.05.

Fig. S1. Residual CC after partial callosotomy. (A) An overlap analysis of the posterior portion of the CC that was spared by the partial callosotomy procedure.
The heat map identifies the number of subjects where overlap occurs for each voxel at x = −4. The size and shape of an individual’s CC is variable, but the
sparing of the splenium was consistent in the partial callosotomy procedure. (B) The proportion of callosum sectioned (posterior third including the splenium)
was consistent across partial subjects and did not show a significant association with similarity of interhemispheric FC precallosotomy and postcallosotomy.
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Fig. S2. Image alignment procedure. Precallosotomy T2w images were registered to a T2w atlas representative target. Then postcallosotomy T2w was aligned
to the precallosotomy T2w. T1w and EPI images were aligned to the respective T2w image by cross-modal registration.
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Fig. S3. Full VMHC maps. Mean VMHC maps for all slices are displayed in a similar format to the exemplar images in Fig. 4A.
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Fig. S4. Anatomic labels by Brodmann area. The anatomic labels used for sampling VMHC precallosotomy and postcallosotomy are overlaid on the T2w atlas
representative image. Anatomic labels include primary sensorimotor (blue), primary vision (purple), frontal (cyan), parietal (green), occipital (yellow), and
temporal (orange) cortical areas.

Fig. S5. Change in VMHC by RSN. Mean (and 95% confidence interval) VMHC precallosotomy and postcallosotomy by RSN are displayed in bar graph format
for complete and partial callosotomy. Voxels were assigned to one of seven RSNs including DAN, DMN, FPC, LAN, SMN, VAN, and VIS. Membership to each RSN
was determined by a previously published group average winner-take-all map (Fig. S6).
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Fig. S6. RSN labels. The RSN labels used for sampling VMHC precallosotomy and postcallosotomy overlaid on the T2w atlas representative image. RSN labels
include DAN, blue; DMN, red; FPC, yellow; LAN, orange; SMN, cyan; VAN, purple; VIS, green.

Fig. S7. Change in VMHC including regions not disconnected. VMHC is examined by placing a seed in select regions before and after complete callosotomy.
The cerebellum, putamen, and thalamus represent regions without direct connections via the CC. The cerebellum and putamen show similar degree of decrease in VMHC compared with sensorimotor and primary vision areas but less so than more associative cortical areas such as the frontal, temporal, and parietal
areas. The thalamus showed the least change after complete callosotomy. Error bars represent 95% confidence intervals.

Fig. S8. DVARS movement data. The DVARS are plotted for all subjects by complete and partial groups precallosotomy and postcallosotomy. The horizontal
bold line marks the 0.5% DVARS threshold at which frames where censored for motion. Four hundred frames total were collected in two runs of 200 frames
each for all sessions. Very little movement is noted across all subjects owing to the effect of sedation used for both sessions.
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Table S1. Subject characteristics
Subject
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

Callosotomy

Age, y

Sex

Sedation preprocedure

Sedation postprocedure

Antiepileptic drugs

Partial
Complete
Complete
Complete
Partial
Complete
Complete
Complete
Complete
Partial
Complete
Complete
Complete
Partial
Complete
Partial
Complete
Partial
Complete
Complete
Complete
Complete

2.3
3.2
4.9
5.1
5.5
6.1
7.6
7.8
7.9
9.3
10.7
11.7
12.1
12.1
12.4
12.5
12.8
13.4
13.4
15.1
15.6
17.2

F
M
F
M
M
M
F
M
F
M
F
M
M
M
M
M
M
M
M
M
F
M

Propofol
Propofol
Propofol
Propofol
Propofol
Propofol
Propofol
Propofol
Propofol
Propofol
Propofol
Propofol
Propofol
Propofol
Propofol
Propofol
Propofol
Propofol
Propofol
Propofol
Propofol
Propofol

Propofol
Dexmedetomidine
Propofol
Pentobarbitol
Dexmedetomidine
Propofol
Propofol
Propofol
Remifentanil
Propofol
Propofol
Pentobarbitol
Ativan
Propofol
Propofol
Propofol
Propofol
Propofol
Pentobarbitol
Dexmedetomidine
Propofol
Propofol

Levetiracetam, Rufinamide/Banzel, Clobazam
Clobazam, Felbamate, Valproic acid
Felbamate, Phenobarbital
Clobazam, Phenobarbital
Zonisamide, Carbamazepine
Levetiracetam, Lamotrigine, Ethosuximide
Felbamate
Lamotrigine, Methsuximide
Felbamate, Topiramate, Valproic acid
Felbamate, Topiramate, Clobazam
Clonazepam, Felbamate
Clobazam, Felbamate, Levetiracetam, Zonisamide
Lacosamide, Levetiracetam, Zonisamide
Valproate, Felbamate, Clonazepam, Methsuximide
Lamotrigine, Levetiracetam, Valproic acid
Levetiracetam, Felbamate, Rufinamide
Citalopram, Rufinamide, Topiramate
Clonazepam, Levocarnitine
Felbamate, Lamotrigine, Topiramate
Clobazam, Felbamate, Valproic acid
Felbamate, Topiramate, Valproic Acid
Clobazam, Lacosamide

F, female; M, male.
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